The foaming properties of commercial soy protein isolate subjected to different temperatures (20-90 • C) were assessed. The results revealed that the solubility and surface hydrophobicity of a 5% (w/v) commercial soy protein isolate suspension increased with increasing temperature, which increased foaming capacity and reduced foaming stability. Commercial soy protein isolate supernatant (i.e., soluble fraction) had higher foaming capacity at low temperatures (20-50 • C). A high content of commercial soy protein isolate soluble fraction increased foaming capacity but decreased foaming stability. The SDS-PAGE patterns and molecular weight distribution of commercial soy protein isolate revealed that there were soluble, large molecular weight aggregates (>400 kDa) formed mainly from A and B-11S polypeptides of commercial soy protein isolate via disulfide bonds. Additionally, some aggregates also dissociated into small polypeptides and subunits after heat treatment. Commercial soy protein isolate precipitate (i.e., insoluble fraction) had a high content of proline and cysteine, which probably contributed to the foaming stability of commercial soy protein isolate. Color versions of one or more of the figures in the article can be found online at www.tandfonline.com/ljfp. 1817 1818 HE ET AL.
INTRODUCTION
Soy protein isolate (SPI) is a high-quality plant protein that has been used in some food products because of its good nutritional value and functional properties. [1] The main globulins in SPI are β-conglycinin (7S) and glycinin (11S). [2, 3] The functional properties of SPI are closely associated with the composition and structure of the 7S and 11S globulins. [4] There are two types of SPI products: native and commercial soy protein isolate (CSPI). Native SPI, which is highly soluble, is often used as a soy isolate reference because there is no protein denaturation during its preparation. [5] On the other hand, during the industrial processing/preparation of CSPI, protein is easily denatured suspension. [2] CSPI supernatant and precipitate (i.e., insoluble fraction) were stored separately for further assays.
Foaming Properties
Foaming properties were evaluated according to the method reported by Wang et al. [22] and Adebowale, Schwarzenbolz, and Henle [23] with minor modification. In this experiment, 100 mL of 5% heat-treated (w/v) CSPI suspensions and their supernatants were separately placed in a 500 mL graduated flask and homogenized (T18 basic ULTRA-TURRAX ® Dispersers Homogenizer, IKA Corporation, Germany) at 17,500 rpm for 2 min. The volume of the foam was recorded at 0 min (V 0 ) and 30 min (V 30 ) after homogenization. FC and FS were calculated using Eqs. (1) and (2) , respectively:
Surface Hydrophobicity CSPI surface hydrophobicity was measured using the ANS fluorescence probe according to the method reported by Kato and Nakai. [24] The heat-treated CSPI suspension was diluted with 0.01 mol/L phosphate buffer (pH 7.0) resulting in final CSPI suspension concentrations of 0.02, 0.04, 0.06, 0.08, and 0.1 mg/mL. Fluorescence intensity (FI) was measured with an emission wavelength of 520 nm and an excitation wavelength of 365 nm in a Hitachi 650-60 fluorescence spectrophotometer (Hitachi Ltd., Tokyo, Japan), using a slit width of 5 nm. The initial slope of FI versus protein concentration (calculated by linear regression analysis) was used as an index of protein hydrophobicity.
Electrophoresis
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed according to the procedure reported by Liu and Xiong [25] with slight modifications. The stacking and resolving gels consisted of 4 and 12% acrylamide, respectively. Samples for SDS-PAGE were prepared with and without β-mercaptoethanol (5%, v/v). In this experiment, 1 mmol/L N-ethylmaleimide was added to the samples without β-mercaptoethanol to prevent the formation of disulfide compounds. To quantify the protein bands, the gel was subjected to densitometric analyses using a Molecular Analyst/PC software (Bio-Rad's Image Analysis Systems Version 1.5). The relative percentages of CSPI subunits/polypeptides corresponding to individual bands in the gel were determined as the density area of subunits/polypeptides bands relative to the total band density area in the densitogram.
Molecular Weight (MW) Distribution
The MW distribution of CSPI suspension was determined by HPLC equipped with a gel permeation chromatographic (GPC) column (Shodex Protein KW-84 column; 8 mm I.D. × 30 cm, Shodex Co., Tokyo, Japan) and a Waters 2487 dual λ absorbance detector (Waters Co., USA). The elution solvents consisted of 50 mmol/L phosphate buffer (pH 7.0) and 0.03 mol/L sodium chloride; the flow rate was 0.8 mL/min and the column oven temperature was 30 • C. Carbonic anhydrase (MW of 29 kDa), bovine serum albumin (MW of 66 kDa), alcohol dehydrogenase (MW of 150 kDa), β-amylase (MW of 200 kDa), apoferritin (MW of 443 kDa), and bovine thyroglobulin (MW of 669 kDa) were used as MW standards.
Total Amino Acid Analysis
The amino acid composition of the CSPI precipitates was determined by HPLC using the OPA derivation method. [26] [27] [28] The precipitates were digested with 6 mol/L HCl at 110 • C for 24 h. Total amino acid analysis was performed using an Agilent HP1100 amino acid analyzer (Agilent Co., Palo Alto, CA, USA) equipped with a C18 column (4.6 mm × 125 mm) for amino acid separation. Pretreatment with phthalic dicarboxaldehyde (OPA) yielded amino acid derivatives. The concentrations of the specific amino acids were determined from their absorption intensities, which were calibrated using amino acid standards.
Statistical Analyses
All experiments were replicated three times and triplicate sample analyses were performed for each replication to obtain the mean value. The results were expressed as mean value ± standard deviation (SD) in this study. Data were analyzed by one-way analysis of variance (ANOVA) with Tukey's test using the Origin 7.5 statistical program (OriginLab Corporation, Northampton, MA, USA) to determine the statistical differences. Differences between treatment means were considered significant with p < 0.05.
RESULTS AND DISCUSSION

Solubility of CSPI at Different Temperatures
Solubility is one of the most important characteristics of food proteins because it affects other functionalities such as foaming and emulsifying properties. [18] The solubility of 5% (w/v) CSPI subjected to different temperatures is shown in Fig. 1a . The solubility of the 5% CSPI suspension at 20 • C was approximately 72.3% and gradually increased from 20 to 90 • C. The solubility of CSPI (the temperature was 20 • C) increased to 91.8% when heat-treated at 90 • C for 1 h, suggesting that CSPI solubility can be further improved by heat treatment.
As temperatures reached 80-90 • C, which is the denaturation temperature of 7S and 11S globulins, the solubility of native SPI decreased as a result of polypeptide chain unfolding and exposure of hydrophobic groups buried inside the proteins. However, in this study, the solubility of CSPI, which is a low or partially denatured protein, increased with heat treatment probably as a result of the dissociation of insoluble aggregates and the formation of soluble aggregates. [2, 29] 
Surface Hydrophobicity of the CSPI Suspension at Different Temperatures
The surface hydrophobicity of 5% CSPI suspension subjected to different temperatures was correlated with its change in solubility ( Fig. 1b) . As temperature increased, the globular proteins unfolded and the hydrophobic groups were exposed, thereby increasing CSPI surface hydrophobicity. At 20-50 • C, surface hydrophobicity of the CSPI suspension increased significantly (p < 0.05) with increasing temperatures, whereas it increased slightly (p > 0.05) at 50-90 • C. According to Berli, Deiber, and Añón, [30] when temperatures are >70 • C, denatured globulins aggregate and form soluble, large micelles, which could explain the slight change in surface hydrophobicity at 50-90 • C. 
Foaming Properties of the CSPI Supernatant and CSPI Suspension
FC and FS of the 5% (w/v) CSPI suspension and its supernatant are shown in Figs. 1c and 1d. The foaming properties of the CSPI supernatant had different tendencies than those of the CSPI suspension subjected to different heat treatments. When temperature was <50 • C, FC of the CSPI supernatant was higher than that of the CSPI suspension, which decreased rapidly (p < 0.05) with increasing temperatures (Fig. 1d ). FS of the 5% CSPI suspension decreased gradually at 20-90 • C (Fig. 1c ), whereas FS of the CSPI supernatant increased sharply (p < 0.05) at <40 • C and tended to be stable at 40-90 • C.
The results obtained indicate that FC and FS of CSPI are related to the soluble protein content of the CSPI suspension and its conformation in aqueous solution. FC requires a rapid adsorption of protein at the air-water interface and rapid conformational changes and rearrangements at the interface. FS requires the presence of a thick, elastic, cohesive, continuous, and air-permeable protein film around each gas bubble. [16] As shown in Figs. 1c and 1d, when temperature was <50 • C, FC of the CSPI supernatant was higher than that of the CSPI suspension, which indicates that the insoluble protein fraction of the 5% CSPI suspension might have impaired FC of CSPI suspension. At temperatures >50 • C, FC of the CSPI supernatant was lower than that of the CSPI suspension. The insoluble fraction of CSPI suspension decreased gradually and the soluble protein content of the 5% CSPI suspension increased, which indicated that a high proportion of CSPI soluble fractions increased FC of CSPI suspension. However, when temperatures were 80-90 • C, FS of the CSPI supernatant was higher than that of the CSPI suspension, suggesting that a high proportion of CSPI soluble fractions did not increase FS of CSPI suspension. Figure 2 shows the SDS-PAGE patterns of the 5% CSPI suspension and CSPI supernatant subjected to different temperatures in the absence (Fig. 2a ) and presence of 5% β-mercaptoethanol (Fig. 2b) . β-mercaptoethanol, which is a compound that breaks disulfide bonds, is used to assess the role of S-S linkages in the formation of protein aggregates. [30, 31] The densitometric analysis of the main protein bands in SDS-PAGE are shown in Table 1 . As shown in Fig. 2a and Table 1 , the protein profiles of the CSPI suspension and supernatant including β-conglycinin subunits (α , α, and β) and glycinin polypeptides (A and B) were not different at 20-90 • C under non-reducing conditions (i.e., without β-mercaptoethanol). As shown in Fig. 2a and Table 1 , high MW bands corresponding to protein aggregates were obtained for the CSPI suspension and CSPI supernatant; however, the percentage of aggregates in the CSPI supernatant (soluble fraction) was slightly lower than that in CSPI suspension, which indicated the presence of insoluble protein aggregates in CSPI. The percentages of aggregates of high MW in the CSPI suspension and CSPI supernatant increased gradually as temperatures increased from 20 to 80 • C and decreased significantly (p < 0.05) when temperatures increased to 90 • C. The percentages of α , α, and β-7S subunits were not affected; however, the percentages of A and B-11S polypeptides decreased slowly at 20-80 • C and increased slightly at >90 • C, which suggested that aggregates were formed probably from A and B-11S polypeptides following heat treatment; some aggregates might have also dissociated into A and B-11S when heat-treated at >90 • C. Under reducing conditions (i.e., with β-mercaptoethanol), the original bands of high MW (>116 KD) of the CSPI suspension and CSPI supernatant became fainter; the A and B-11S polypeptides appeared as two intense bands in the SDS-PAGE patterns of all samples (Fig. 2b) . The percentage of aggregates in the CSPI suspension and CSPI supernatant decreased, whereas the percentage of the A and B-11S polypeptides increased following the dissociation of disulfide bonds ( Table 1 ). These results revealed that high MW polymers and aggregates of CSPI were formed mainly from A and B-11S polypeptides via disulfide bonds. Figure 3 shows the MW distribution of the CSPI supernatant obtained from the 5% CSPI suspension heat-treated at 20-90 • C. As shown in Fig. 3a , the chromatographic patterns of the CSPI supernatant were similar. According to the MW standard curve, the chromatographic patterns of the CSPI supernatant consisted of four major fractions: (A), which corresponded to protein aggregates (MW > 400 kDa; retention time of 5.2-9.0 min); [32] (B), which corresponded to 11S and 7S of SPI (MW of 100-400 KDa; retention time of 9.0-10.2 min); (C), which corresponded to 7S and 11S subunits (MW of 10-100 KDa; retention time of 10.2-12.5 min); and (D), which corresponded to polypeptides of small MW (MW < 10 KDa; retention time of more than 12.5 min). The relative areas of these four protein fractions were different under different temperatures (Fig. 3b) . At 20-90 • C, the relative area of fraction A (MW > 400 kDa) increased significantly (from 47.9 to 66.8%) and then decreased slightly at temperatures >80 • C. The relative area of fractions B, C, and D, which had lower MWs, decreased gradually from 20 to 80 • C and increased from 80 to 90 • C, which indicated that (1) CSPI polypeptides and subunits formed soluble protein aggregates and polymers of large MWs after heat treatment and (2) some CSPI aggregates dissociated into low MW polypeptides and subunits when temperatures were >90 • C. The MW distribution of SPI subjected to different heat treatments was in accordance with its SDS-PAGE patterns ( Fig. 2 and Table 1 ).
SDS-PAGE of the CSPI Supernatant and CSPI Suspension
MW Distribution of the CSPI Supernatant
The results revealed that there were good correlations between soluble aggregate contents and solubility, surface hydrophobicity, and FC of the 5% CSPI suspension after heat treatment ( Figs. 1  and 3 ). FC, solubility and surface hydrophobicity of CSPI suspension increased following the increase of soluble aggregates formed. However, the formation of soluble aggregates induced by heat treatment was negatively correlated with FS of CSPI, due to a gradual reduction in large MW insoluble aggregates, which are involved in FS. Table 2 shows the amino acid composition of the precipitate (i.e., insoluble fraction) obtained from the 5% CSPI suspension subjected to different temperatures. Of a total of 17 amino acids, Asp, Glu, Arg, Leu, and Pro were the most abundant. With the exception of Pro and Cys, most of the amino acids contents changed no significantly (p > 0.05) during heat treatment. At 40-60 • C, the content of Pro and Cys in the CSPI precipitate was the highest and then decreased slightly with increasing temperatures (60-90 • C). The foaming properties of the CSPI supernatant had similar tendencies (Fig. 1d) ; 40-60 • C was the turning point for FC and FS of the CSPI supernatant. FC of the CSPI supernatant decreased and FS increased slightly at 40-60 • C. FS of the CSPI suspension decreased gradually at 60-90 • C (Fig. 1c) , which was in accordance with the reduction in Pro and Cys content in the CSPI precipitate. It was reported that both Pro and Cys have significant effects on stabilizing the secondary structure of proteins, owing to the N-atom in the pyrrolidine ring of Pro and S-S bonds of Cys which can reduce the flexibility of peptide backbone, enhance the hydrophobic interaction, and make the protein structure more stable. [33] Therefore, a high content of Pro and Cys in CSPI precipitates probably could stabilize CSPI foams.
Amino Acid Composition of the CSPI Precipitate
CONCLUSIONS
The results of this study revealed that heat treatment at 20-90 • C of a 5% CSPI suspension increased its solubility, hydrophobicity, and FC but decreased its FS. Foaming properties of CSPI are associated with the amount of the soluble CSPI fraction; the CSPI soluble fraction improved FC but did not affect FS. The SDS-PAGE patterns and MW distribution of CSPI revealed that large MW aggregates and polymers were formed mainly from the A and B-11S polypeptides of CSPI via disulfide bonds. Additionally, some aggregates also dissociated into polypeptides and subunits of low MW during heat treatment. The insoluble CSPI fraction (i.e., precipitates) had a high content of Pro and Cys, which probably could favor FS. These heat-induced changes in CSPI could improve its foaming properties, which would benefit the further application of CSPI products in the food industry. 
